Spices play an important role as flavorants, colorants, preservatives and bioactive compounds in medical, food and cosmetic applications. India is the spice bowl of the world and spice production is scattered across the country. Almost every stage of production, including cultivation, harvest, handling, storage, transportation and distribution has impact on spice quality. Adulterants are often intentionally added to fetch better market value through inferior/ unacceptable quality products. Adulterants are a concern to quality, market compliancy and food safety. Over the years, several approaches for quantitative and qualitative detection of adulterants have been developed. Though basic and simple testing methods are available to detect the presence of adulterants, instrumentbased techniques are often adapted to detect the adulterants quantitatively. The objective of this work is to present a detailed note on these approaches with emphasis on the various analytical techniques used in the detection and quantification of adulterants in spice and spice products.
Introduction
India being the spice bowl of the world produces over 7 million tonnes of different spices every year. Among the 109 types of spices enlisted by International Organization for Standardization, India produces more than 65 varieties. In India, about 3.15 million hectares of land is under spice cultivation. During 2015-2016, the country exported spice worth 2482.83 million US$ by exporting 0.84 million tonnes of spices and such huge figures indicate the massiveness of Indian spice products in the global export market (Spices Board 2017).
Spices are mainly valued for their characteristic flavor, aroma and color (Moses et al. 2014) . Since ancient times, spices have been products of high economic value and possess broad range of applications in various fields; including, culinary, 107 medicinal and cosmetic usage (Peter & Zachariah 2000) . They are classified as: major spices, tree spices, seed spices and other spices (Bharath et al. 2017) . Post-harvest losses in spices is heavy (Alice et al. 2016 ) and the risk of contamination and adulteration in spices is a growing concern. Very often they cause severe health hazards in humans apart from obvious loss in product quality.
Adulteration is the intentional or unintentional inclusion of substances that are not legally approved in foods, leading to an imitation of the product and ultimate reduction in market value (Manning & Soon 2014) . Intentional or economic adulteration is done to mimic enhanced visual and organoleptic quality by the addition of foreign materials. Foreign matter such as floral wastes, fraudulent components including artificial colorants, spent extracts and plant parts of foreign species are the commonly detected adulterants. Selected examples are presented in Table 1 . Indirect or unintentional adulteration involves inclusion of substances in food due to ignorance or the lack of knowledge. This can occur due to inappropriate processing and handling operations. For example, harvesting in the wrong period, improper drying, poor storage conditions and gross substitution with plant materials like presence of stalk with pepper berries are practical concerns (Silvis et al. 2017) .
In order to ensure food safety and food quality, various methods are used to detect and quantify adulteration in spices. In general, basic testing methods are used for qualitative detection, whereas instrumental techniques are used for quantitative detection of adulteration in spices.
Several instrumental techniques (often used in conjunction with chemometric techniques) have been used and with advancements in analytical chemistry, most modern methods are known for their sensitivity, accuracy, selectivity and rapidity. Recently, molecular techniques are also being explored for detection of adulterants in spice and spice products (Table 2) .
Instrumental methods for quality evaluation of spices
Approaches for qualitative evaluation using instruments can be classified on the basis of the chemical or physical property that is the essential differentiating factor. Chemical reactivity, polarity, solubility, molecular weight, melting point, boiling point, absorptivity, emissivity and mass spectra are examples (Skoog et al. 2017) . Instrumental analysis can be performed individually or in combination to provide a synergistic approach for both adulterant detection and authentication. According to International Union of Pure and Applied Chemistry, "In quantitative analysis the amount or concentration of an analyte may be determined (estimated) and expressed as a numerical value in appropriate units and it requires the identification (qualification) of the analyte for which numerical estimates are given" (McNaught & Wilkinson 1997) . Chemometrics, the multi-dimensional analysis approach, is usually integrated with analytical instrumentations. This facilitates identification of the functional group of unidentified adulterants by comparing their morphology, chemical and biochemical characteristics with a known sample (Otto 2016) . Comparison tests can be done on the basis of learning algorithms 
Spectroscopic methods of analysis
In general, the spectroscopic methods involve creating, measuring and interpreting the interaction of electromagnetic radiation with the substance (Penner 2017) . Spectroscopic methods can be broadly divided based on the species to be analyzed, type of radiation and also based on the type of radiation-matter interaction, as illustrated in Fig. 1 (Penner 2017) .
Spectroscopy is possible when the photon's interaction with a sample leads to a change in energy, velocity, amplitude, frequency, phase angle, polarization or direction of propagation (Kerker 2016) . In absorption spectroscopy, energy of the photons is absorbed by the sample, leading to excitation of valence electrons to higher energy levels or changes in vibrational/ rotational energies of chemical bonds, depending on the wavelength or frequency of the spectral region. Since energy levels are quantized, absorption occurs only if the energy of a photon matches the energy difference between two energy levels. In emission spectroscopy, electrons from higher energy levels return to lower energy levels following emission of photons (Harvey 2000) .
A typical spectroscopic instrument consists of an energy source to generate the electromagnetic spectrum, a wavelength selector such as a monochromator to narrow the range of wavelengths to be used, a sample holder, a sensitive detector such as a photon or thermal transducer for measuring signals and a signal processor for manipulating captured signals to a readable form (Vermaak et al. 2014) . This section gives an overview of the common spectroscopic techniques that have been used in the detection of adulterants in spice and spice products. 
UV-Vis spectroscopy

Method
Typically, analytical measurements in UV-Vis spectroscopy are carried out between 200 to 800 nm (Isengard & Breithaupt 2015) . The radiation source for UV-Vis spectroscopy could be a hollow cathode lamp, a tungsten filament lamp or a mercury vapour lamp. The sample can either be a liquid or a solid dissolved in suitable solvents. The sample is placed in a cuvette and enclosed in a compartment which prevents the loss of radiation and the possibility of interference from 
Surface Enhanced Raman Spectroscopy Principle
Surface enhanced Raman spectroscopy (SERS) works on a surface phenomenon that enhances the Raman scattering intensity by molecules in the vicinity of nano-structured metal surfaces (such as Au, Ag and Cu) when excited by electromagnetic radiation (Novák et al. 2016) . The enhancement of Raman scattering is due to surface plasmon resonance, photon driven electron transfer, surface chemistry of nanoparticles being employed, and interaction between radiation and the material (Ding et al. 2014) . The enhancement factor can be as high as 10 14 , facilitating observation to single molecule level (Kim & Shin 2011) .
Method
SERS technique is highly specific as it identifies molecules based on their vibrational fingerprints and thereby permits detection with high sensitivity (Pozzi et al. 2013) . Essentially, SERS process involves three steps: preparation, measurement and detection. Preparation involves manufacturing of SERS-active substances and its adsorption to targeted molecules leading to enhanced Raman scattering. The measurement process relies on the sensitivity and specificity under energetic, temporal and spatial resolutions. Detection and data analysis involve acquisition of unique spectra of different molecules present in the sample (Ding et al. 2014 ).
Several studies have been conducted for the application of SERS in detecting adulterants in spices; especially with Sudan dye, considering its carcinogenic and mutagenic effects (Cheung et al. 2010; Gao et al. 2015; López et al. 2013) . Di Anibal et al. (2012) compared different Raman spectroscopic modalities (Normal Raman, FTRaman and SERS) and found that SERS is better suited for detection of Sudan I dye in culinary spices. A portable Raman spectrometer developed using SERS and multivariate chemometrics was used to provide quantitative data of Sudan I dye in spice products. The limit of detection was 48 µg kg -1 of chilli powder and the substrate used was gold citrate reduced sol (Cheung et al. 2010) . Similarly, Lopez et al. (2013) proposed a tool to detect Sudan I dye quantitatively, using electropolished aluminium as a substrate for SERS with low detection limits of 3x 10 -7 M. Recently, a biosensor functioning using molecularly imprinted polymers, thin layer chromatography and SERS to detect Sudan I in paprika powder at levels as low as 1 ppm with gold colloid as SERS substrate has been fabricated. This biosensor exhibited rapidity in both separation (30-40 s) and detection (0.1-1 s) and can be used as an effective screening tool for Sudan I adulteration (Gao et al. 2015) . To detect water insoluble dyes, in the presence of water soluble competitor, Jahn et al. (2015) developed a hydrophobic surface modified sensor layer on the SERS active substrate (enzymatically grown silver nanoparticles) and detected Sudan III adulterants upto concentration of 9 µmol/L in methanol extracted real food samples.
Fourier Transform-Infra Red Spectroscopy Principle
Fourier transform-infra red spectroscopy (FT-IRS) is a rapid, non-destructive analytical technique used to detect adulterants in food products including spices. When chemical bonds with electric dipole moment interact with infrared radiation, they impart changes in the atomic displacement, leading to natural vibrations at molecular level (Ferraro & Basile 2012) . Such stretching and bending type vibrational effects can cause changes in the behaviour of different functional groups present in the sample, which in turn could be measured as they are unique for each material. The position and intensity of a spectrum gives the qualitative and quantitative information, respectively (Baker et al. 2014) .
Method
In an FT-IR spectrometer, the monochromator is replaced with an interferometer which allows instantaneous passage of radiation of all wavelengths into the sample instead of filtering or dispersing them. Radiation from the source is allowed to strike a beam splitter, that reflects a portion of the radiation to a fixed mirror and transmits other portion to a movable mirror. (Fig. 2) shows peak at varying wavelengths because of variation in response of functional groups to IR radiation. For instance, the peak at 1140 cm -1 in metanil yellow is due to N=N site. After noise removal using a Savitzky-Golay filter the method can be used in authentication of spice oils. Importantly, there is reduced or near-zero use of hazardous solvents and reagents, making the approach 'green'. Nurrullhidayah et al. (2011) used FTIR to detect black cumin (Nigella sativa L.) seed oil adulterated with grape seed oil. In the spectra obtained, black cumin seed oil showed sharp peaks at 1117 and 1098 cm -1 , whilst grape seed oil showed peak at 1744 cm -1 only. 
Fig. 2. FT-IR spectra of (A) Metanil yellow (B) Turmeric powder (Reprinted with permission from Dhakal et al. (2016), MDPI journals)
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Method
The major components of IRMS include a sample delivery system in which either the sample is combusted and transformed into gas using an elemental analyzer or a gas chromatography unit, an electron ionization source to ionize and accelerate the gas molecules, a magnetic sector to disperse mono-energetic ions of varying mass through the magnetic field, a faraday-collector to measure the current of each ion beam and a computer controlled data acquisition system to amplify and display values as digital output (Brand 2004; Kelly 2003; Novák et al. 2016 ).
In general, naturally occurring substances are enriched with lighter isotopes and the ratio of isotopes is considered to be unique to a substance and could indicate origin from a particular geographic location. Adulteration will alter this ratio. IRMS has been useful in authenticity control of spices and spice products such as essential oils (Frank et al. 1995; Greule et al. 2008) . Gruele et al. (2010) used an IRMS approach for rapid detection of adulteration in vanillin by comparing the carbon and hydrogen stable isotope values of vanillin molecule and vanillin methoxyl groups of authentic and synthetic vanillin samples of different origin. This technique requires 1 mg and 4 mg of samples for stable carbon and stable hydrogen analysis, respectively. The approach can be used to control adulteration in vanilla; a serious concern, particularly to natural vanilla.
Proton Nuclear Magnetic Resonance Spectroscopy Principle
Proton nuclear magnetic resonance spectroscopy ( 1 H-NMRS) technique focuses on identifying the molecular configuration of a sample. Generally a charged atomic nucleus spins in random directions by generating a magnetic field. When an external magnetic field is applied, nuclei get aligned in a direction along or against the direction of the external magnetic field. Accordingly, these nuclei will be in higher energy states (against the direction of external magnetic field) or lower energy states (along the direction of external magnetic field). When radiofrequency waves hit these molecules, flipping of nuclei between higher and lower energy states occur. During this process, electromagnetic waves are emitted and the NMR spectrometer detects these signals (Isengard & Breithaupt 2015) .
1 H-NMRS has been widely used in quality control of spices like saffron, turmeric, paprika and curry and in the detection of adulterants, especially colorants and bulking agents (Di Anibal, Callao et al. 2011; Di Anibal, Ruisánchez et al. 2011; Petrakis et al. 2015; 2017) . Di Anibal Callao et al. (2011) used information from UVVis and 1 H-NMRS for detection of Sudan dyes in culinary spices at three different concentration levels of 1.4, 3.6, 7.1 g kg -1 , and used a multivariate class approach for classification. The study revealed that data from the joint approach could be used efficiently for detecting banned Sudan dyes in spices.
Hyper Spectral Imaging Principle
Hyper spectral imaging (HSI) combines both, conventional imaging and spectroscopic imaging, and has a wide application in food and agricultural product quality and safety analysis.
Essentially, HSI acquires both spatial and spectral features simultaneously (Liu et al. 2017; Lu & Chen 1999) . Hyper spectral images are made up of a number of neighbouring wavebands for each spatial position of a sample being studied. Consequently, the spectrum obtained for each position acts as a fingerprint that helps in characterisation of the particular pixel in that position (Elmasry et al. 2012; Shaw & Manolakis 2002) .
Method
A typical HSI system consists of an illumination source (usually tungsten halogen or LED source), an objective lens through which light waves get reflected from the sample that moves on a motorized stage, a spectrograph to separate the reflected light into its component wavelengths, a camera operated usually in conjunction with either charge coupled device or complementary metal oxide semiconductor sensors for two-dimensional image acquisition and a personal computer where two-dimensional images of the sample are stacked to form a threedimensional hypercube (Gowen et al. 2007 ).
By using obtained physical and chemical characteristics from the HSI spectra, the presence of foreign matter or adulterants in food and agricultural products can be identified. Vermaak et al. (2014) suggested that short wave infrared (SWIR) hyperspectral imaging with chemometric data analysis can be used to detect adulteration in star anise (Illicium verum), a dried fruit used in the treatment of infant colic, with Japanese star anise (Illicium anisatum), an adulterant containing neurotoxic compounds. The technique has proven potential in quality analysis of bulk samples when conveyed through conveyor belt systems.
High Performance/ Pressure Liquid Chromatography
Principle HPLC is based on the principle that different analytes behave differently with the stationary phase. Components of the analyte elute at different rates depending on factors like polarity, stationary-mobile phase interaction, ion exchange, size exclusion, liquid-solid adsorption and liquid-liquid partitioning (Isengard & Breithaupt 2015; Vermaak et al. 2014) .
Method
In a High Performance/Pressure Liquid Chromatography (HPLC) system, the mobile phase carrying components of an analyte mixture (sample) flows through a stationary phase in a narrow and uniform column made of porous silica capillaries. Usually, the stationary phase is polar, whilst the mobile phase is non-polar. However, a reverse phase HPLC uses a non-polar stationary phase and a polar mobile phase. In food quality applications, reverse phase HPLC is preferred as polar components elute faster than non-polar components due to hydrophobic interactions. Presence of gas bubbles in the mobile phase may lead to distortion of detected signal. In order to remove gas bubbles prior to functioning, either a vacuum pump is used or the mobile phase sparged with an inert gas can be used (Kealey & Haines 2002) . HPLC instrumentation consists of a reciprocating pump to maintain a constant flow of a mobile phase, a loop injector to disperse the sample in the mobile phase, a separating column to separate the components of the sample, a detector for quantitative determination of different constituents separated from the sample and a computer to display the results (Harvey 2000).
HPLC has been used not only in differentiation of varieties of spices (Priyanka et al. 2016 ) but also in detection of adulterants such as Sudan dyes, Para-red and Rhodamine-B (Ertaº et al. 2007; Fu et al. 2015) . Tateo & Bononi (2004) used combination of HPLC and APCI-MS (Atmospheric Pressure Chemical IonizationMass Spectrometry) to detect and quantify Sudan I present in chillies. The study found that extracts from Sudan I from chilli added food products can be efficiently detected and quantified using HPLC and APCI-MS at very low concentrations. From  Fig 3, it can be observed that sharper the peak, the more concentrated the component; whereas, wider peak indicates dispersed components. Though HPLC is an excellent choice for quantitative detection, time and cost requirements are high (Di Anibal et al. 2009 ).
Electronic-nose Principle
Electronic-nose (E-nose) systems combined with
Adulteration detection in spices computerised data processing tools consist of an array of gas sensors that can mimic the olfactory function of human nose in various functional aspects. The approach provides higher degree of selectivity and specificity for detecting volatile compounds within the headspace region (Haddi et al. 2014) . Chemical changes occur when volatiles come in contact with sensors and a transducer converts them to electrical signals whose totality is used in the multivariate analysis of detecting the sample by pattern recognition (De Vito et al. 2015) .
Method
An e-nose consists of a sample delivery system which absorbs volatiles from the sample to be analysed, a detection system and a computing system. The detection system consists of sensors which can be broadly classified as hot sensors (eg: Metal oxide semiconductors and metal oxide semiconducting field effect transistor) and cold sensors (eg: Conducting polymers, oscillating sensors, optical or electrochemical sensors) based on operating temperature range (Haugen 2001 ). An important component of an e-nose system is the data processing unit, operated using principal component analysis, partial least squares, functional discriminant analysis, hierarchical cluster analysis, fuzzy logic or artificial neural network algorithms (Omatu & Yano 2016) . Neural networks operate on the basis of functional mapping between known and unknown samples. Information processing in an e-nose is done along a number of input and hidden layers that are grouped on the basis of similarities and differences to give a single digital output (Adak & Yumusak 2016 ).
E-nose systems can be used in quality monitoring of food products; especially in spices, where aroma, flavor and color are of prime concern (Leela et al. 2017) . Kukade et al. (2014) successfully used e-nose to classify three spice oils (cardamom, nutmeg and clove oil) with classification accuracy of around 97.1%. Recently, Heidarbeigi et al. (2015) demonstrated detection of saffron adulteration with safflower and corn stigma. Enose, containing MOS (Metal Oxide Semiconductors) sensors, successfully yielded aroma fingerprints of the pure compound and the adulterated compounds. Obtained features were analysed with principal component analysis and artificial neural network and it was found that e-nose could provide classification accuracies of 100% and 86.87% for original saffron and other adulterants, respectively.
The concern over safety and authenticity of spices has resulted in establishing higher standards for quality evaluation and improved methods to function at various stages of post-harvest, storage and shipment. Though development of various analytical tools employed, standardization and authentication of spice products have increased. Besides adulterants, the quality of spice is lost due to the presence of contaminants, filth matter or microbial toxic substances like aflatoxin, mycotoxins and heavy metals like lead, cobalt, 
